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Multiple defects are likely to be produced during perovskite film preparation and exposure to a high
humidity environment, which would negatively affect charge transport mechanisms and finally degrade
the performance of perovskite solar cells (PSCs). In this work, we introduced a surface hydrophobic
modifier, 1-dodecanethiol (DDT), to repair defects and enhance the moisture resistance of perovskite
films. Through a series of tests, we found that defect repair by the thiol group in DDT can reduce trap
density, inhibit non-radiative recombination and improve charge carrier transportation and extraction
performance. In addition, benefiting from the excellent hydrophobicity of the dodecyl alkyl chain in
DDT, both device efficiency and stability are significantly improved. Consequently, the device post-
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treated with DDT delivered a champion power conversion efficiency (PCE) of 20.89%, accompanied by
outstanding long-range stability that exceeded 90% of its initial PCE after 1000 hours at a relatively high
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Introduction

As the most interesting technology of this era, organic-inor-
ganic hybrid perovskite solar cells (PSCs), considered as the
most promising next-generation photovoltaic devices, have
attracted tremendous interest from researchers in the past
decade due to their inherent outstanding properties, ie., long
charge diffusion lengths and high light-harvesting coefficients.'™
Thanks to the efforts of researchers, the power conversion effi-
ciency (PCE) of PSCs has been boosted to 25.5%." The best
performing PSC devices are usually based on mixed cation hybrid
perovskite halide thin film materials, with the general formula of
ABX; (A = methylammonium (MA), formamidinum (FA) or cesium
(Cs) cations, B = Pb*" and Sn**, and X=1", Br~ or CI"). Basically, a
facile low temperature solution-based process can be used for the
fabrication of perovskite films.>®

However, FA,MA, _, PbX; mixed cation perovskite films suffer
from intrinsic instability due to restricted thermodynamic
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humidity of 80 + 5% and without any encapsulation.

equilibrium, causing significant X-type atom (I, Br) vacancy
(halide vacancies) defects at the surface and at the inevitably
grain boundary (GB) defects.” In polyerystalline perovskites,
halide vacancies further provoke the destruction of the PbXg
octahedral arrangement and create uncoordinated Pb*" defects.'®
In addition, FA,MA;_, PbX; mix-cation perovskite films are
unstable under humid conditions, which subsequently results in
the degradation of the holistic device."" In fact, deterioration of
FAMA, , PbX; films with substantial defects was observed upon
exposure to ambient atmosphere, subsequently leading to poor cell
stability and efficiency decline.

In previous studies, tremendous efforts including additive
(dopant) strategies or post-treatment engineering have been
exploited to obtain devices with superior performance, such as
Cl™ ions,"” Cu(thiourea)I™® or thiol ligand."* Significant effi-
ciency enhancement and stability improvement were achieved
by using interface engineering methodologies,'® including
molecular dyes,'®*® porphyrins,'® graphene oxide?’ and transi-
tion metals.?" Other approaches use ammonium cations®*>* as
passivators to improve the moisture tolerance of PSCs. By
introducing one-dimensional (1D)** and two-dimensional
(2D) stacking layers onto three-dimensional (3D) perovskites,
the stability of PSCs was effectively improved.>® The above
works have effectively modified the perovskite film, but the
waterproof performance of the film was merely mentioned.
Therefore, it is necessary to develop a strategy that can not only
reduce the defects but also provide external hydrophobicity.

Multifunction molecular units with appropriate chain length
are able to effectively passivate defects without hindering the

This journal is © The Royal Society of Chemistry 2021
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carrier injection from the perovskite material to the electron
transport layer (ETL) or the hole transport layer (HTL). Based on
this cogitation, the use of a multifunctional molecule to modify the
interface defects and also offer a protective layer against humidity
for the perovskite films is imperative. Chen et al. introduced multi-
functional additive molecules containing long alkyl chains into
perovskite precursor solution to both passivate the defects and
block water penetration, thus improving the efficiency and stability
of the PSCs simultaneously.”® 1-Dodecanethiol (DDT) as a surface
hydrophobic modifier with a long alkyl chain has been proved to be
able to suppress defects by passivating perovskite. Uddin et al.
carried out a series of surface ligand treatments for improving the
optical properties of CsPbBr; nanocrystals (NCs). DDT produces
NCs with the highest photoluminescence quantum yields (PLQY)
and greatest long-term stability.>” Park et al. passivated CsPbBr;
quantum dots with DDT; the Br vacancies of PQDs were covered
and the PLQY of DDT-PQDs improved from 76.1% to 99.8%.>*

Herein, we employed the most known perovskite formulation,
(FAPDI;),.45(MAPDBr;), 15, as the light absorption material. 1-
Dodecanethiol (DDT) was used to passivate the surface and offer
high hydrophobicity for perovskite films. It is found that the thiol
group in DDT has a distinct ability to passivate the uncoordinated
Pb>" defects on perovskite surface via Lewis acid-base interactions.
Furthermore, due to the existence of a long carbon chain, DDT
improved the moisture stability of perovskite films simultaneously.
Consequently, using this DDT passivation strategy, we achieved a
high PCE exceeding 20% and a long-term stability of retaining 90%
of initial PCE after 1000 hours aging in relative high humidity of
80 £ 5% without any encapsulation. This approach enlightens the
efficacy of the application of multifunctional molecules in perovs-
kite defect repair and advances research, with the aim to push
forward practical applications in future.

Results and discussion

(FAPDI;), g5(MAPbBI3),. 15 perovskite films were fabricated by
the one-step anti-solvent assisted method which was previously

1-dodecanethiol (DDT)
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reported in the literature.>**® As mentioned above, halide
vacancies generated during PSC fabrication and subsequent
operation can lead to the destruction of the PbXy octahedral
arrangement or presence of uncoordinated Pb** sites.'® To
avoid these problems, an appropriate amount of DDT dissolved
in the isopropyl alcohol (IPA) was introduced during post-
treatment of the perovskite films through the dripping process
before annealing. The film fabrication method is detailed in the
Experimental section. DDT is an appropriate soft Lewis acid
with a long alkyl chain of twelve carbon atoms and a terminal
thiol group. Fig. 1 shows the schematic illustration of the
detailed repair mechanism of DDT action on perovskite film.
As reported in the previous literature,*® the thiol group can fill
the halide vacancies and bind with uncoordinated Pb*". The
dodecyl long chain molecules with excellent hydrophobicity act
like a “raincoat” draped on the surface of the perovskite film to
prevent the destruction of the perovskite structure by water
molecules, and thereby further improving structural stability.
X-Ray diffraction (XRD) measurements (Fig. 2a) were carried
out to reveal crystallinity and phase transition of the perovskite
absorber. DDT-x denote the different amounts of DDT dis-
solved in 1 ml IPA. Two dominant diffraction peaks located at
14.1° and 28.4° can be assigned to the (110) and (202) crystal-
lographic phases of 3D perovskite, respectively.*! As for the
films with DDT post-treatment, there were no additional new
peaks, which indicated that DDT passivation did not initiate
phase transition or introduce the impurity phase to distort the
crystal structure of perovskite. Notably, the peak intensity at
12.7° and 11.3° arising from Pbl, and §-phase perovskite was
reduced in the film passivated using DDT at all concentrations,
demonstrating that DDT passivation alleviated the formation of
the non-perovskite phase and ameliorated crystallinity.'”-*%2*
In this way, high-quality perovskite films were obtained. Pre-
liminary experiments have shown that the concentration of
DDT affects the whole performance of the device. Solutions
with different concentrations of DDT in IPA were applied upon
the surface of the perovskite films. The corresponding j-V
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Fig. 1 Schematic representation of the DDT repair defects and humidity protection mechanism.
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(a) XRD patterns of control and DDT-x films (x = 10, 20, 30, 40). (b) SEM image of DDT-treated perovskite film. (c) Normalized Fourier transform

infrared (FTIR) spectra of pure DDT and DDT—perovskite mixture solution. (d) X-Ray photoelectron spectroscopy (XPS) of the Pb 4f peak derived from the

control and DDT-treated perovskite films.

curves are shown in Fig. S1 (in the ESIt) and the related
parameters of the devices are listed in the image. It can be
observed that the trend for PCE shows heads in different
directions before and after DDT-20. Initially, the PCE increases
with increase in DDT concentration, and this can be attributed
to the progressive passivation of Pb>" defects which reaches
saturation at DDT-20. At concentrations greater than DDT-20,
the high content of the long dodecyl alkyl chain will unavoid-
ably affect the transport of the photogenerated carriers and this
results in the observed decrease in the PCE. SEM images did
not show any obvious difference in perovskite surface morphol-
ogies after DDT-treatment (Fig. 2b and Fig. S2, ESIf). DDT-
treatment had a little effect on the morphology of the film.
When an appropriate amount of DDT is used for passivation,
the irregular small grains on the perovskite surface tend to
disappear. In order to explore the effect of DDT-treatment, FTIR
characterization was carried out. Fig. 2c exhibits the FTIR
spectra of pure DDT and the interaction between DDT and
perovskite. The C-S vibration peaks observed in the FTIR
spectra red-shifted from 721 cm™ to 706 cm ' with the
formation of DDT-perovskite complex, which confirmed the
existence of Lewis acid-base interactions between thiol from
DDT and PblL,.** To further explore the mechanism of DDT
passivation on the perovskite, XPS measurement were con-
ducted. There was almost no S signal in the control film, and
a weak S 2p peak appeared at 163.7 eV in the film after DDT
treatment, which is an evidence of the existence of DDT on the
modified surface (Fig. S3, ESIT). In the control perovskite film,

9586 | J Mater. Chem. C, 2021, 9, 9584-9591

the Pb 4f peaks were located at 138.3 eV (Pb 4f;,) and 143.2 eV
(Pb 4fs,). In DDT-treated perovskite film, the Pb 4f peaks
shifted to 138.2 eV and 143.0 eV. The spin-orbit splitting
between the Pb 4f,,, and Pb 4f;,, levels in all cases remains at
ca. 4.8 eV, which is in accordance with the literature values,
suggesting that the Pb in the films acts as the oxidation state of
Pb>".** Since XPS is mainly able to detect the surface species, we
propose that the shift of the Pb 4f orbital is caused by the DDT
surface treatment. Owing to the electron donating properties of
Lewis base, the Pb>" peaks shifted to a lower binding energy,
indicating that the uncoordinated Pb*" in the perovskite film
interacts with the SH ligand."***

It was well demonstrated that defect concentration is related
with carrier recombination inseparably in perovskite films,
which seriously affects the extraction and transport of charge
carriers. To investigate the effect of DDT on charge carrier
dynamics, ultraviolet-visible (UV-vis) absorption spectra,
steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) measurements were conducted. Fig. 3a
displays the UV-vis spectra and PL spectra of pristine and DDT-
treated films deposited on FTO glass. We can observe that the
absorption edges of the perovskite films with and without
treatment of DDT are located at ~786 and ~ 780 nm, respec-
tively, which correspond to the red-shift in the PL spectra.
Depending on the experimental conditions and molecular
nature, the addition of surface modifiers might cause the blue
shift of PL, or bring the red shift or even have no effect on the
PL peak position. As discussed by Park et al.,*® CsPbBr; treated

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) UV-vis spectra (left), PL spectra (right) and (b) normalized time-resolved photoluminescence of control and DDT-treated perovskite films.

(c) Nyquist plots of the control and modified devices at V = —0.8 V in the dark. The space charge limited current versus voltage of (d) electron-only
devices and (e) hole-only devices for the control and after DDT-treatment. (f) Surface photovoltage of the control and DDT-treated perovskite films

under dark and light illumination.

with 1-dodecanethiol also had a PL red-shift, which was attrib-
uted to the quantum confinement effects following the SH
ligand passivation process. In addition, a red-shift of the PL
was also observed following the hexylammonium iodide post
deposition treatment on top of already crystalized Csg,FA¢ s
Pb(I,.¢Bro.,); 3D perovskite.>* To explain this effect, the authors
made the assumption of halide exchange at the perovskite
interface during a liquid-solid reaction and/or the annealing
stage. The PL intensity of perovskite film was enhanced after
DDT-treatment under a 470 nm excitation light. It is expected
that only the perovskite surface (<100 nm) will be excited
because of its strong absorption coefficient at short wavelength
range.®® Therefore, trap-state density on the perovskite surface
was significantly reduced, in agreement with the observation of
a stronger PL intensity peak. Generally, the defect states in
perovskite films serve as non-radiative recombination centers
which ultimately reduce the device performance. The mitiga-
tion of surface defects prolongs the PL lifetime of perovskite
films. Correspondingly, the carrier lifetime values of the pris-
tine and modified films were calculated by fitting the time-
resolved photoluminescence (TRPL) spectra (Fig. 3b) with a
single exponential decay function:*®

Y =A4; x exp(—x/t1) + Yo

where A; is the time-independent coefficient of amplitude
fraction and 7, is the carrier lifetime. According to the results,
the carrier lifetime of the modified perovskite films increased
from 1.18 ns to 3.75 ns. The increased carrier lifetime arose
from DDT amelioration of non-radiative recombination which

This journal is © The Royal Society of Chemistry 2021

is due to the repair of various defects in the perovskite films.**
Electrochemical impedance spectroscopy (EIS) measurement
was conducted to investigate the transport and recombination
resistance in PSCs. The Nyquist plots (Fig. 3c) of control and
DDT-treated devices were collected at a frequency range of
1 Hz-100 kHz and excitation voltage at —0.8 V in the dark.
Both curves consist of a semicircle in the high frequency region
and a steep straight line in the low frequency region. The
diameter of the semicircle in the high frequency region repre-
sents the charge transfer resistance (R.).'® By comparing the
Nyquist curves, it can be observed that the R.. of modified PSC
is much smaller than that of the control device, which was
because the charge transfer in the perovskite films was ame-
liorated due to DDT modification.

The space charge limited current (SCLC) technique was
employed to explore the electron trap density of pristine and
DDT-treated perovskite films. Fig. 3d and e illustrate the dark
current-voltage characteristics of electron-only devices (FTO/
¢-TiO,/mp-TiO,/perovskite/PCBM/Au) and hole-only devices
(FTO  glass/PEOOT:PSS/perovskite/PCBM/Spiro-OMeTAD/Au)
with and without DDT treatment. The limit voltage (Vigr) is
correlated with defect trap density (Ny.p) through the following
equation:**37

Ntrap = (26&0 VTFL)/(eLZ)

where ¢, is the vacuum permittivity, ¢ is the relative dielectric
constant, e is the elemental charge, and L is the thickness of the
perovskite film, calculated to be ca. 550 nm from the cross-SEM
section images of the PSC device (Fig. S4, ESIf). Vg is the

J. Mater. Chem. C, 2021, 9, 9584-9591 | 9587
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onset voltage of the trap filled limit region. The Vg, values were
calculated to be 0.57 V and 0.38 V for the control and DDT
treated devices by fitting the dark j-V curves, respectively. The
trap density of the corresponding electron-only device is
reduced from 6.94 x 10" cm™> to 4.62 x 10" cm™* after
DDT passivation. The Vyg, and Ny, of hole-only devices with
DDT treatment were 0.35 V and 4.25 x 10" cm > which was
lower than 0.50 V and 6.08 x 10 cm ™ of the control device,
indicating that the hole transport hindrance of the modified
device was reduced. The reduced defect density could be
attributed to the defect-passivation of perovskite films by
DDT treatment and was consistent with the PL and TRPL
results.’®>' Kelvin probe force microscopy (KPFM) was used
to detect the surface potential distribution of the perovskite
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(a) J-V curves of the control and modified PSCs under reverse and forward scan directions. (
and modified PSCs. (c) The humidity stability results of PSCs based on control and DDT-treated devices after 1000 hours under relative humidity
conditions of 80 + 5% without encapsulation at room temperature (in dark). (d) XRD patterns of the control and modified perovskite films after aging
under 80 + 5% RH for 1000 hours. The water contact angle of (e) DDT-treated and (f) control perovskite films with different exposure time periods.
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films. The mean contact-potential-difference (Vgpp) is defined
as: Vopp = (Pip — Psample)/—€, where @y, and Pgampie are the
work functions of the AFM tip and measured sample, and e is
the elementary charge.*® Since @, and e were constant, the
change of Vcpp reflects the change in the work function of
the sample surface. The surface photovoltage (SPV) is the
difference of surface potential under dark and illumination:*°
SPV = V(cppjlight — V(cpp)dark- SPV is generated by the transfer
and separation process of charge carriers, leading to the redis-
tribution of charges and accumulation of surface dipole in the
space charge region.*® Therefore, SPV is related to the charge
carriers’ transport and its magnitude represents the density of
surface trap states. In Fig. 3f, the SPV of control device and
DDT-treated device were 27.1 mV and 44.8 mV. A larger SPV
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value indicates that more charge could be transferred from
inside of the film to the surface and could be extracted and
collected at the electrodes.

To confirm the effectiveness of DDT on the photovoltaic
performance, PSCs with a multilayered structure of FTO/c-TiO,/
m-TiO,/perovskite/DDT/Spiro-OMeTAD/Au were fabricated, and
the corresponding cell architecture is shown in Fig. S5 (ESIT).
The photovoltaic performance of the control and modified
PSCs was measured under a standard AM 1.5 simulated solar
light illumination with an active area of 0.09 cm > Fig. 4a
illustrates the corresponding current-voltage (/-V) curves. The
photovoltaic parameters of the corresponding control and
DDT-treated devices are listed in the figure inset. The modified
device exhibits a V, of 1.15 V, a J. of 23.23 mA cm ™2 and a fill
factor (FF) of 77.96%, yielding a high PCE of 20.89%. Referring
to the control device, the PCE is 19.07% with a V. of 1.13 V, a
Jsc of 22.76 mA cm ™2 and an FF of 74.02%. Moreover, the I-V
hysteresis factor (HF) which is defined as:*!

HF = (PCEreverse - PCEforward)/PCEreverse

was also calculated. The modified cells have a HF of 4.21%,
which is slightly better than that of the control cells (4.61%).
The significant improvement of the DDT device performance
about 10% higher than that of the control PSC is due to the
trap-state passivation effect and carrier extraction enhance-
ment. The corresponding incident photon-to-current conver-
sion efficiency (IPCE) spectra were registered to evaluate the
photon energy response of the devices. As shown in Fig. 4b, the
modified PSCs display higher response than the control device
within the wavelength ranging from 350 to 780 nm. The
integrated J,. values of control and modified devices are calcu-
lated to be 22.06 and 22.54 mA cm ™ 2, respectively, which are in
good agreement with the J,. values obtained from the J-V
curves. The uniformity and reproducibility of the control and
DDT-treated PSCs were further analyzed by a series of produced
devices involving 20 individual devices. As shown in Fig. S6
(ESIY), the average PCE of DDT-treated devices has increased
from 18.48% to 20.15% due to the corresponding increase in
Voes Jsc and FF; importantly, all the parameters showed a narrow
distribution. These results proved that the device performance
can be improved with high reproducibility by DDT passivation
of the perovskite absorber.

For practical applications, environmental stability, espe-
cially humidity stability, is a critical indicator to evaluate
the performance of PSCs. Although the cells based on mixed
FA-MA perovskite possess excellent PCE, humidity induced
phase transition from a-phase to d-phase further degrade to
Pbl, and made devices unstable.”> In the process of DDT
repaired defects, dodecyl was like a ‘“raincoat” draped on the
surface of perovskite. Due to the excellent hydrophobicity of the
dodecyl alkyl chain, the perovskite would suffer less moisture
invasion. Thus, the devices treated with DDT were expected to
have good humidity stability. In order to evaluate humidity
stability improvement of the DDT-treated perovskites, the con-
trol and DDT-treated devices without any encapsulation were
exposed to relative humidity of 80 + 5% at room temperature

This journal is © The Royal Society of Chemistry 2021
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under dark conditions. As shown in Fig. 4c, the control device
showed a faster PCE decay rate than the DDT-treated device
from the outset of testing, and finally lost about 40% of the
initial efficiency after the 1000 h humidity aging process. The
XRD patterns (Fig. 4d) of the corresponding control film
obtained following humidity aging suggest that the perovskite
a-phase was gradually transformed to the d-phase perovskite
accompanied by the increase in the formation of the degrada-
tion product Pbl,. On the contrary, the XRD pattern of the DDT-
treated film in the humidity aging test showed less phase
transition and less PbI, generation after 1000 h aging, indicat-
ing that DDT treatment significantly enhanced humidity resis-
tance. As a result, DDT-treated devices maintained more than
90% initial efficiency after humidity aging for 1000 hours. To
further investigate the hydrophobicity of the passivated devices,
water contact angle measurement tests were conducted. Fig. 4e
and f illustrate the evolution of water contact angle with respect
to time. At the beginning, the modified films are more hydro-
phobic, presenting a large water contact angle of 89.8°, while
the corresponding value for the control film was only 71.3°. The
hydrophobicity of the films did not significantly vary with
increase in time: the film treated with DDT could retain 81.3°
after 3 min, while the angle of the pristine film decreased from
71.3° to 61.3° already. This phenomenon proved that DDT
treatment will bring excellent humidity protection performance
to the perovskite film. Compared with that of the control film,
the improved hydrophobicity of the DDT-treated films was
attributed to the presence of water repelling long dodecyl
chains. These results are consistent with the humidity stability
of the corresponding devices.

Conclusion

In summary, we employed 1-dodecanethiol (DDT) as a dual-
functional modifier to enhance the performance and stability
of PSCs. One clear effect of functionalizing the perovskite with
DDT is the repair of halide vacancies and the corresponding
uncoordinated Pb*" defects, yielding better carrier transport
and extraction. Another effect is the protection of the perovskite
from the damage caused by water molecules. As a result,
control devices afforded a PCE of 19.07% and 40% initial
performance loss after 1000 h aging at a relative humidity of
80 £ 5%. DDT-treated devices delivered a remarkable PCE of
20.89% and maintained over 90% of their initial performance
under the same aging conditions. These results demonstrate
that the multifunctional molecular modifier DDT can be used
to repair defects in PSCs and provide a unique and synergistic
performance enhancing humidity stability.
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